Appropriate design and control strategies are crucial for the implementation of certain complex active systems in the building sector. Suitable and user-friendly numerical tools have to be available to architects and engineers, so they can incorporate innovative active systems in their building designs. The thermal response of a ventilated facade with phase change material in its air chamber for cooling applications is studied in this paper. The system makes use of low temperatures at night to solidify the phase change material, and store it solid for a later cooling supply to the interior of the building. This active technology is very sensitive to the weather conditions as well as to the defined operational schedule (charge, storage and discharge periods definition). Two different numerical approaches have been developed to better understand this system and to define different control strategies, as well as to determine their potential to reduce the energy consumption in the building for cooling purposes. First, a finite control volume approach was applied to describe the ventilated facade with latent heat storage. The important computational cost and complexity of this numerical methodology leaded the authors to develop a simple numerical model based on the assumption that the exchange between the air and phase change material inside the ventilated facade occurs at isothermal conditions. Both models were validated against experimental data, and even though the isothermal model presented slightly higher deviation from the experimental results than the finite control volume one, it is presented as a suitable numerical tool for architects and engineers because of its light computational cost and versatility.
Introduction
It is well known that the high energy demand of HVAC (Heat, Ventilated and Air Conditioned) systems used in the building sector and its reduction is considered a key aspect in energy, economical and sustainable point of view. Numerous energy policies have been recently implemented worldwide to achieve this goal, such as the European directive 2010/31/EU [1] . According to the ETP 2012 [2] , the building sector consumes approximately 32% of global final energy use, making it responsible for almost 15% of total direct energy-related CO 2 emissions from final energy consumers. Several studies showed that thermal energy storage (TES) systems can be efficiently applied in building design as passive or active systems to reduce the energy required by HVAC systems [3] [4] [5] .
Within this context, the incorporation of latent heat thermal energy storage (LHTES) systems based on the use of phase change materials (PCM) in both passive and active buildings systems [6, 7] has been a big topic of interest because of the high energy density that these materials can provide. However, these technologies have to overcome some important barriers before being widely implemented in the building sector. Apart from the economics, one of the main important technical barriers is the complexity of these systems to be implemented in the building design [8] . In order to better understand and optimize the design of these systems, the use of numerical tools is required. Even though several numerical models are available in the literature (both for passive [9, 10] and active [11, 12] systems), they are developed for specific applications, are non-userfriendly, and require high computational costs as well as very specific knowledge of the numerical models. These drawbacks strongly limit their use in the building sector and hence, discard the possible implementation of LHTES systems in the building design.
In this paper, a simple numerical tool is developed and presented to describe the performance of a ventilated facade with PCM panels in its air chamber for cooling purposes. The simple tool (isothermal model from here on) is based on the assumption that the heat exchange process between the air flowing through the ventilated facade cavity and the PCM panels occurs in isothermal conditions. Even though the model is here presented for such specific application, it can be easily adaptable to any active system containing air-PCM heat exchange.
The isothermal model is compared against a finite control volume approach (control volume model from here on) and both numerical models are validated against experimental measurements. Moreover, some key aspects, such as the treatment of the inlet temperature in the active system, are also discussed.
Methodology

Description of the system
A versatile ventilated double skin facade (VDSF) with PCM panels in its air channel was tested experimentally to provide energy benefits both for heating [13] and cooling [14] . Figure 1 shows the prototype tested in the experimental set-up located in Puigverd de Lleida (Spain).
In the air cavity between the two skins of the VDSF, 112 PCM panels (RT21 macroencapsulated CSM panels from Rubitherm Technologies GmbH [15] ) are installed creating 14 channels, as it can be seen in Figure 2 . Six automatized gates were installed at the different openings of the channel in order to control the operational mode of the facade. Moreover, three fans with variable power output (ranging between 17 W and 120 W each) were placed at the inlet of the air channel to provide mechanical ventilation when needed.
The ventilated facade operates as a cold storage system, since it uses the low temperature at night to solidify the PCM. During the peak load hours, when there is a cooling demand, the air is cooled down by the PCM providing a cooling supply. The operational principle of the system is summarized in Figure 3 . The cold storage sequence is based on a charge process (Figure 3a) , a storage period (Figure 3b) , and a cooling discharge (Figure 3c ). It is important to notice that both charge and discharge processes are driven by mechanical ventilation; hence, an appropriate control strategy is mandatory for the use of this system in order to ensure that the electrical energy consumption by the fans is minimized and net energy benefits can be achieved. Within this context, the necessity of a simple and computationally light numerical tool is reaffirmed, since such a tool could be implemented in any basic control system at building scale or used for the development of control strategies.
A full description of the sensors used in the experimental facility is given in de Gracia et al. [13] . The sensors used for experimental validation purposes were the following: Saelens et al. [16] reported significant differences between the inlet air temperature of the facade and the indoor and outdoor temperatures (usually known and used for design and control). These differences were also observed in the experiments performed in this research during the validation of the models. However, both the control volume model and the isothermal model use the indoor and outdoor temperature during the simulation.
Therefore, in order to estimate the error provided by this assumption, two control volume methods were compared. In the first method (CV1), the experimentally measured inlet temperature was introduced in the model as inlet, while in the second one (CV2), the measured outdoor and indoor temperature were set as inlet temperature in the charge and discharge processes, respectively. The isothermal model (IM) used the same boundary conditions as CV2, since they are more useful for the design procedure since inlet temperature data is not available, but weather conditions (outdoor temperature) and indoor set-point (indoor temperature) can be predicted or estimated.
Control volume model
A numerical model based on the finite control volume method [17] was developed by de Gracia et al. [18] to study the performance and to define control strategies of the same system but with less insulation in the outer skin and with PCM panels of SP22 instead of RT21. The numerical model solves the energy conservation equation during the previously defined three steps in the cold storage sequence and is based on the following assumptions:
(i) The thermal radiation between surfaces is considered one-dimensional (x).
(ii) In the CV1 model, the measured temperature at the inlet of the facade is implemented directly as a boundary condition.
(iii) In the CV2 model, the temperature of the air at the inlet of the channel is considered equal to the outer temperature during the PCM solidification period.
(iv) In the CV2 model, the temperature of the air at the inlet of the channel is considered equal to the inner temperature during the PCM melting period.
(v) The PCM is homogeneous and isotropic.
(vi) The phase change was taken into account through an equivalent heat capacity [19] . During the melting or solidification, the temperature dependence of the PCM specific heat has a triangle shape centered on T PCM . This methodology was studied by Farid [20] and was found to be successful in describing the heat transfer in phase change materials.
Further details about the numerical model based on the control volume approach can be found in de Gracia et al. [18] .
Isothermal model
A simple model, based on the assumption that all the PCM included in the facade is at the same temperature, was developed. The model does not require any iterative process and hence reduces dramatically the time and computational resources required in comparison to the control volume model. The model is based on the following assumptions:
(i) The air flowing through the VDSF channel during both charge and discharge process is considered as fully developed internal flow.
(ii) The temperature of the PCM is homogeneous in thickness and height of the channel. This assumption is critical for the performance of the non-iterative process and even though there will be conduction inside the material in both direction, it is justified because of the small thickness of the PCM plates (7 mm) and the forced convective nature of both charge and discharge processes.
(iii) The heat transfer coefficient is considered constant through the entire channel based on Gnielinski [21] Nusselt correlation (function of Reynolds and Prandtl).
(iv) The air only receives and releases heat from and to the PCM panels.
(v) Heat losses or gains are considered only during the storage mode of operation (when the VDSF is not charging or discharging the PCM), since both charge and discharge are driven by forced convection, which is dominant in these processes.
(vi) The manufacturer Cp vs. temperature curve of the PCM (RT21) is used [15] .
The phase change is modeled as a variation of the heat capacity depending on the temperature of the PCM. A parameter called S is defined to determine how far the material is to full solidification. The value of the parameter S depends directly on the average temperature of the PCM. It has a value of 0 at the beginning of the solidification process (23ºC) and a value of 1, for fully solidified PCM at 18ºC.
According to the data provided by the manufacturer [15] , a latent heat of 93 kJ/kg was considered within this temperature range of phase change (from 18ºC to 23ºC). Out of this temperature range, the S value is calculated according to the ratio between the sensible heat to/from the phase change boundaries and the latent heat of the phase change range. Figure 4 presents the dependence of the heat capacity and S value with the temperature.
As it was previously said, the charge and discharge processes are assumed to behave as an internal flow through a constant temperature surface. Hence, the temperature at the outlet of the channel at an instant "n" can be calculated from the Eq. 
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In order to avoid any iterative method that will result in a high computational cost, the isothermal model makes use of an explicit scheme to discretize the time. Therefore, if the power of charge or discharge of the PCM is assumed to be the same during the time step between the instant "n" and the instant "n+1" the amount of energy stored or released by the PCM can be integrated through the time step (Eq.3):
Once the energy that the PCM has exchanged with the air is determined, the state of the PCM at the instant "n+1" can be calculated as expressed in Eq.4:
The calculation of the state parameter allows determining the temperature of the PCM at the new instant of calculation "n+1" by interpolation in its definition (as seen in Figure   4 ). With the temperature of PCM at the new instant, Eq.1 can be applied to determine the outlet temperature at the new instant, and so on.
If the system is in storage mode ( Figure 3b ) the PCM is not charged neither discharged by the air flux but it gains or losses energy depending on the outer climatic conditions.
In this period, the power of heat exchange is calculated by Eq.5, where U is the outer )is the area of the outer skin.
Results and discussion
The numerical methodologies previously described were compared against experimental data from the set-up located at Puigverd de Lleida (Spain). The experiments were based on the cold storage sequence, defined in Figure 3 . Out of the experimental campaign carried out, here only the results from two days are presented (June 15th and July 22nd 2014) in order to evaluate the performance of the models under different weather conditions. Similarly as in the validation procedure presented in de Gracia et al. [18] , the temperature of PCM is the parameter to validate in all the processes of the cold storage sequence (charge, storage and discharge), while outlet air temperature of the facade is also used for validation of the discharge process, since it is critical to quantify the thermal benefits of the system. It can be seen that all the models predict the PCM temperature in a good agreement with the experiments during the charge process. The PCM temperature is slightly over predicted in all the models. Moreover, the effect of using measured inlet temperature or indoor/outdoor temperature as inlet can be noticed; however, this effect is not dominant and does not cause a significant error to the numerical models.
Furthermore, the performance of the different numerical methodologies during the discharge process is also compared against experimental data. On one hand, Figure 6 shows the evolution of the average PCM temperature during the discharge and on the other hand, the outlet air temperature is depicted in Figure 7 . It is important to highlight that the outlet air temperature. In this case, it can be seen that the performance of the models is very similar and all of them slightly over-predict the PCM temperature.
The authors do not want to only provide a qualitatively experimental validation, as provided by the graphical comparison, but to provide a quantitative analysis of the deviations between the numerical predictions and the experimental data. Table 1 presents the absolute (Δx) and relative (δ) errors of all the studied numerical methodologies in the processes of charge, storage and discharge in comparison to the measured data in the set-up. According to the results shown in Table 1 , it can be stated that all the models can predict, with a high degree of accuracy, the average temperature of PCM during all the periods, presenting deviation to the experiments below 0.8ºC with a relative error smaller than 4% in all cases. Small differences were found between models in predicting the temperature of the PCM even though the isothermal model (IM) considers all the PCM to be at the same temperature, which indicates that this assumption is valid for the analysis of this system. Furthermore, important differences were observed when predicting the outlet temperature at the facade during the discharge process. In this case, the inlet boundary condition is critical, and using the source temperature (indoor/outdoor) increases significantly the error of the predicted value, as it can be seen when deviation from CV1 (around 1%) and CV2 (around 4%) are compared. The isothermal model, which also uses the source temperature as inlet, it presents a similar deviation to the experimental data (around 3%) than CV2 does. It is important to highlight that although the three models predict the outlet temperature with an absolute error below 1ºC, this error could lead to important deviations in the calculation of the discharge power, since it is calculated based on the temperature difference between the inlet and outlet of the facade channel. This effect might be important in systems with low power of discharge (small thermal gradient between inlet and outlet), and be minimized in systems with high heat transfer rates.
Conclusions
In order to include PCM in engineering and architectural designs, user-friendly tools are required to assist design processes of any industrial or building system. Numerical tools used to analyze the performance of these materials in different applications frequently require high level of specific knowledge and are developed for certain specific systems. This paper presents a simple methodology which can be used to predict the performance of LHTES systems without consuming high computational resources. In this case, the analyzed system is a ventilated double skin facade with PCM in its air chamber. A simple isothermal model based on the assumption that all the PCM is at a single temperature is implemented in a non-iterative algorithm. Numerical results are compared against experimental data and a finite control volume numerical model. The validation process showed that the isothermal model, even presenting worse results than the finite control volume method, it can predict with a good accuracy the average temperature of the PCM during the charge, storage and discharge processes, with deviations below 3%. Moreover, the outlet temperature was also predicted successfully using the simple isothermal model. The study also evaluated the effect of implementing indoor or outdoor air temperature as inlet temperature of the facade in the model. It was shown that this effect is not significant when predicting the PCM temperature but it affects the outlet temperature significantly.
It is important to highlight that the proposed methodology might be used for the incorporation of LTES systems in industrial processes or buildings, and evaluate its global performance, but not to design the LTES by itself, which might require more accurate and precise techniques.
The methodology presented in this paper could also be useful for other LHTES systems.
The application of a similar approach to different PCM storage designs, as well as the evaluation of the most limiting hypothesis could shed light on this matter. 
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